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We proposed a mechanism in which the lightness of Higgs boson and the small-
ness of CP-violation are correlated based on the Lee model, namely the spontaneous
CP-violation two-Higgs-doublet-model. In this model, the mass of the lightest Higgs
boson mh as well as the quantities K and J are ∝ tβsξ in the limit tβsξ → 0 (see
text for definitions of tβ and ξ), namely the CP conservation limit. Here K and J
are the measures for CP-violation effects in scalar and Yukawa sectors respectively.
It is a new way to understand why the Higgs boson discovered at the LHC is light.
We investigated the important constraints from both high energy LHC data and
numerous low energy experiments, especially the measurements of EDMs of electron
and neutron as well as the quantities of B-meson and kaon. Confronting all data,
we found that this model is still viable. It should be emphasized that there is no
standard-model limit for this scenario, thus it is always testable for future experi-
ments. In order to pin down Lee model, it is important to discover the extra neutral
and charged Higgs bosons and measure their CP properties and the flavor-changing
decays. At the LHC with
√
s = 14TeV, this scenario is favored if there is significant
suppression in the bb¯ decay channel or any vector boson fusion (VBF), V+H pro-
duction channels. On the contrary, it will be disfavored if the signal strengths are
standard-model-like more and more. It can be easily excluded at (3 ∼ 5)σ level with
several fb−1 at future e+e− colliders, via the accurately measuring the Higgs boson
production cross sections.
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2I. INTRODUCTION
How to realize the electro-weak gauge symmetry breaking and CP violation are important
topics in the standard model (SM) and beyond the SM (BSM) in particle physics. In order
to induce the spontaneous gauge symmetry breaking, the Higgs mechanism was proposed
in 1964 [1]. Meanwhile in the SM the CP violation is put by hand via the complex Yukawa
couplings among Higgs field and fermions, namely Kobayashi and Maskawa (KM) mechanism
[2]. In 1973, Kobayashi and Maskawa [2] proposed that if there are three generations of
fermions, there would be a nontrivial phase which leads to CP violation in the fermion
mixing matrix (CKM matrix [2][3]). In a word, one single scalar field plays the two-fold
roles. In the SM, only one doublet Higgs field is introduced. After spontaneous symmetry
breaking, there exists one physical scalar, the Higgs boson. It is essential to discover and
measure the properties of the Higgs boson, in order to test the SM or discover the BSM.
A. Status of experimental measurements on new scalar boson
Experimentally, in July 2012, both CMS [4] and ATLAS [5] discovered a new boson with
the mass around 125.7GeV in γγ and ZZ∗ final states with the luminosity of about 10fb−1.
At the LHC, the SM Higgs boson can be produced through the following three processes:
(1)gluon-gluon fusion (ggF); (2)vector boson fusion (VBF); (3) associated production with
a vector boson (V+H). It can also be produced associated with a pair of top quarks due to
the large mt, but the cross section is suppressed by its phase space and parton distribution
function (PDF) of proton. A SM Higgs boson would mainly decay to fermion pairs (bb¯, τ+τ−,
or tt¯ if heavier than 2mt), massive gauge boson pair (W
+W−, Z0Z0), massless gauge boson
pair (gg, γγ), etc. The decay properties for a 125.7GeV SM higgs boson are listed in Table I,
for the production and decay properties, see also the reviews [6] and [7].
The updated searches by CMS [8–11] and ATLAS [12–15] with the luminosity of about
25fb−1 till the end of 2012 1 gave the significance s and signal strengths µ (defined as the
ratios between observed σ · Br and the corresponding SM prediction) for some channels.
Because the measurements will be utilized to constrain the new model in this paper, we list
1 Some new analysis updated in 2014 are used as well which modify the old results a little bit.
3TABLE I: Table for the SM prediction for the decay branching ratios of a 125.7GeV Higgs boson,
the numbers are from [7].
Decay Channel Branching Ratio (%) Relative Uncertainty (%)
bb¯ 56.6 ±3.3
cc¯ 2.85 ±12.2
τ+τ− 6.21 ±5.6
gg 8.51 +10.2−9.9
WW ∗ 22.6 +4.2−4.1
ZZ∗ 2.81 +4.2−4.1
γγ 0.228 ±4.9
Zγ 0.16 +8.9−8.8
Total Width 4.17MeV ±3.9
TABLE II: Signal strengths for some production and decay channels of the new boson at CMS
(with combined significance over 3σ).
µ(VBF/V+H) µ(ggF) µ(combined) significance
γγ 1.58+0.77−0.68 1.12
+0.37
−0.32 1.14
+0.26
−0.23 5.7σ
ZZ∗ 1.7+2.2−2.1 0.80
+0.46
−0.36 0.93
+0.29
−0.25 6.8σ
WW ∗ 0.60+0.57−0.46 0.74
+0.22
−0.20 0.72
+0.20
−0.18 4.3σ
τ+τ− 0.94± 0.41 0.78± 0.27 3.2σ
the results in Table II for CMS and Table III for ATLAS.2 The new boson has a combined
mass 125.7GeV and it is also favored as a 0+ particle in spin and parity by the data [9, 16, 17]
if we assume that there is no CP violation induced by this boson.
The experimental measurements of the new particle are in agreement with the SM pre-
dictions within the current accuracy. In the SM the electro-weak fitting results [18] also
favors a light one. It allows a SM Higgs boson lighter than 145GeV at 95%C.L. inferred
from the oblique parameters [19] with fixed U = 0. However there are still spacious room
for the BSM. For example, if we assume that the new particle is a CP-mixing state, the
2 The VBF events are usually easy to tag with two jets which have large invariant mass, while sometimes
it is difficult to tag a gluon fusion event.
4TABLE III: Signal strengths for some production and decay channels of the new boson at ATLAS
(with combined significance over 3σ).
µ(VBF/V+H) µ(ggF) µ(combined) significance
γγ 0.8± 0.7 1.32± 0.38 1.17± 0.27 5.2σ
ZZ∗ 0.26+1.64−0.94 1.66
+0.51
−0.44 1.43
+0.40
−0.33 8.1σ
WW ∗ 1.28+0.53−0.45 1.01
+0.28
−0.26 1.09
+0.23
−0.20 6.1σ
τ+τ− 1.24+0.58−0.54 1.93
+1.45
−1.15 1.42
+0.44
−0.38 4.5σ
general effective interaction for hZZ can be written as [9, 20, 21]
LhZZ = h
v
(
a1m
2
ZZ
µZµ +
1
2
a2ZµνZ
µν +
1
2
a3ZµνZ˜
µν
)
(1)
with Z˜µν = (1/2)µναβZ
αβ. Define
fa3 =
(a3/a1)
2
(a3/a1)2 + σ1/σ3
(2)
where σ1(3) are the partial width for pure CP even (odd) state with a1(3) = 1. Direct search
by CMS gives fa3 < 0.47 at 95% C.L. which leads to |a3/a1| < 2.4 [9]. In a renormalized
theory, a2 and a3 which are loop induced are expected to behave as a2,3/a1  O(1), so they
are still not constrained by current LHC data.
B. The issue of lightness of new scalar boson in the SM and BSM
BSM is well motivated because SM can’t account for the matter-dominant universe and
provide the suitable dark matter candidate. However BSM scale is usually pushed to a
much higher value than that of weak interaction, given the great success of the SM. In such
circumstance, the 125.7 GeV scalar boson is unnatural. In other word, the lightness of the
new scalar must link to certain mechanism. The issue of the lightness of the new scalar
differs in the SM and the BSM. In the SM, we cannot predict the mass of Higgs boson, and
the Higgs boson with the mass 125.7 GeV simply implies that the interactions are in the
weak regime. For example the Higgs boson self-coupling
λ =
m2h
2v2
= 0.13 1. (3)
Compared with the strong interactions at low energy, the mass of σ particle (or we call it
f0(600) which plays a similar role as the Higgs boson) mσ  fpi(≈ 93MeV) appears at a
5typical scale Λ ∼ 4pifpi ∼ O(1)GeV. Thus we can argue that the new boson with mass
125.7GeV is rather light compared with the strong interaction. As a side remark, the pion
mass mpi ∼ O(fpi) is light compared with σ due to the approximate chiral symmetry. This
has motivated the idea that new scalar boson may be the pseudo-Nambu-Goldstone boson
for certain unknown symmetry breaking.
Theoretically, in some BSM models there exists a light scalar naturally. For example,
(1) in the minimal super-symmetric model, the lightest Higgs boson should be lighter than
140GeV including higher-order corrections [22] (at tree level it should be lighter than the
mass of Z0 boson); (2) in the little higgs model, a Higgs boson which is treated as a pseudo-
Nambu-Goldstone boson must be light due to classical global symmetry and it acquires
mass through quantum effects only [23]; (3)similarly, anomalous in scale invariance can also
generate a light Higgs boson as well [24]; (4) the lightness of Higgs boson can intimately
connect with the spontaneous CP violation [25]. While the first three approaches base on
the conjectured symmetry, the last one utilizes the observed approximate CP symmetry.
Historically Lee proposed the spontaneous CP violation in 1973 [26] as an alternative way
to induce CP violation. For the fourth approach, Lee’s idea is extended to account for the
lightness of the observed Higgs boson.
C. The lightness of new scalar boson and spontaneous CP violation
CP violation was first discovered in neutral K-meson in 1964 [27]. Experimentally people
have already measured several kinds of CP violated effects in neutral K- and B-meson, and
charged B meson systems [28]. These CP violation can be successfully accounted for by the
CKM matrix, which is usually parameterized as the Wolfenstein formalism [29]
VCKM =

1− λ2/2 λ Aλ3(ρ− iη)
−λ 1− λ2/2 Aλ2
Aλ3(1− ρ− iη) −Aλ2 1
+O(λ4) (4)
The Jarlskog invariant [28][30]
J = A2λ6η = (3.06+0.21−0.20)× 10−5 (5)
measures the CP violation in flavor sector. The smallness of J means the smallness of CP-
violation in the real world in SM. Another possible explicit CP-violation comes from the θ
6term
Lstr = θαs
8pi
GµνG˜
µν (6)
in the QCD lagrangian [31][32]. The parameter θ is strongly constrained by the neutron elec-
tric dipole moment (EDM) measurement [33][34], namely |θ| . 10−10. Why θ is extremely
small is known as the strong CP problem. It is often interesting, necessary and useful to
search for other sources of CP violation beyond the KM-mechanism. As a common reason,
for example, CP-violation is one of the conditions to produce the matter-antimatter asym-
metry in the universe today [35], but SM itself cannot provide the first order electro-weak
phase transition and large enough CP-violation to get the right asymmetry between matter
and anti-matter [28, 36–38].
In 1973, Lee proposed a 2HDM (Lee model) [26] in which all parameters in the scalar
potential are real but it is possible to leave a nontrivial phase ξ between the vacuum ex-
pectation values (VEV) of the two Higgs doublets. CP can be spontaneously broken in this
model. Chen et. al. [39] proposed the possibility that the complex vacuum could lead to a
correct CKM matrix, which means that we can set all Yukawa couplings real thus the com-
plex vacuum would become the only source of CP-violation. It is also a possible way to solve
strong CP problem, for example, in spontaneous CP-violation scenarios, θ arises only from
the determinant of quark mass matrix. Assuming θ ≡ 0 at tree level, the loop corrections
can generate naturally small θ [40][41], the so-called “calculable θ” [31]. Without imposing
symmetry [42], the Yukawa couplings are arbitrary which will generate the flavor changing
neutral currents (FCNC) at tree level. FCNC is severely constrained by experiments. Cheng
and Sher proposed an ansatz [43] that the flavor changing couplings should be ∝ √mimj
for two fermions with mass mi and mj. One of the authors of this paper had proposed
a mechanism [25] to understand the lightness of Higgs boson in the ξ → 0 limit. In this
paper, we will explore the relation between the smallness of CP-violation and the lightness
of Higgs boson in a similar way in Lee model further. Specifically we will study the full
phenomenology of the Lee model and to see whether this model is still viable confronting
LHC data and numerous low energy measurements.
We should mention that there are also cosmological implication for Lee model. In this
model, CP is a spontaneously broken discrete symmetry thus it may face the domain wall
problem [44] during the electro-weak phase transition. It is argued that if there is a small
initial bias thus one of the vacuum states is favored, the domain walls would disappear soon
7[44][45], for example, if there is small explicit CP-violation [46]. In the soft CP breaking
model, the electro-weak baryogenesis effects is estimated by Cohen et. al. [38] at early time,
and was estimated again by Shu and Zhang [47] after including LHC data. They found
that the observed matter-anti-matter asymmetry can be explained. It is also discussed
numerically that an inflation during the symmetry breaking would forbid the domain wall
production [48].
This paper is organized as following. Section II presents the Lee model and the scenario
that lightness of Higgs boson and smallness of CP violation are correlated. Section III and
IV contain the constraints on Lee model from high energy and low energy data respectively.
Section V studies the perspectives for Lee model for future experiments. The last section
collects our conclusions and discussions.
II. THE LEE MODEL: MASS SPECTRUM AND COUPLINGS
We begin with the description of Lee model [26] assuming that in the whole lagrangian
there are no explicit CP-violation terms, which means all the CP-violation effects come from
a complex vacuum 3. For the Lee model, the interactions of scalar fields read [26]
L = (Dµφ1)†(Dµφ1) + (Dµφ2)†(Dµφ2)− V (φ1, φ2). (7)
Here
φ1 =
 φ+1
v1+R1+iI1√
2
 , φ2 =
 φ+2
v2eiξ+R2+iI2√
2
 (8)
are the two higgs doublets. We can get the masses of gauge bosons
mW =
g
√
v21 + v
2
2
2
, mZ =
√
(g2 + g′2)(v21 + v
2
2)
2
(9)
by setting v =
√
v21 + v
2
2 = 246GeV. Defining R(I)ij as the real(imaginary) part of φ
†
iφj, we
can write a general potential as
V = V2 + V4
= µ21R11 + µ
2
2R22
+λ1R
2
11 + λ2R11R12 + λ3R11R22
+λ4R
2
12 + λ5R12R22 + λ6R
2
22 + λ7I
2
12; (10)
3 For a review on two Higgs doublet models (2HDM), the interested reader can read Ref. [49]
8in which we can always perform a rotation between φ1 and φ2 to keep the coefficient of R12
term zero in V2. We can also write the general Yukawa couplings as
Ly = −Q¯Li(Y1dφ1 + Y2dφ2)ijDRj − Q¯Li(Y1uφ˜1 + Y2uφ˜2)ijURj, (11)
in which φ˜i = iσ2φ
∗
i and all Yukawa couplings are real.
Minimizing the higgs potential, and for some parameter choices, we can get a nonzero
phase difference ξ between two higgs VEVs, which would induce spontaneous CP violation.
We can always perform a gauge transformation to get at least one of the VEVs real like in
(8). When v1, v2, ξ 6= 0, we can express
µ21 = −λ1v21 −
λ3 + λ7
2
v22 −
λ2
2
v1v2 cos ξ; (12)
µ22 = −
λ3 + λ7
2
v21 − λ6v22 −
λ5
2
v1v2 cos ξ. (13)
tan β is identified as v2/v1 as usual. We also have an equation about ξ
λ2
2
v21 +
λ5
2
v22 + (λ4 − λ7)v1v2 cos ξ = 0, (14)
which requires λ2v
2
1 + λ5v
2
2 < 2|λ4 − λ7|v1v2. Of course, the couplings λi must keep the
vacuum stable, for the conditions see section A for details.
All the CP-violation effects in the real world are small (see the data in [28]) corresponding
to the smallness of the off-diagonal elements in the CKM-matrix which leads to the smallness
of the Jarlskog invariant. As a limit, when tβ ≡ tan β → 0,4 or we may write tβsξ → 0
instead since |sξ| < 1 always holds, there would be no CP-violation in the scalar sector. The
CKM-matrix would be real thus there would be no CP-violation in flavor sector as well. In
this paper we will consider the small tβ limit, in which all CP-violation effects tends to zero
as tβ → 0. We treat the whole world as an expansion around the point without CP-violation.
The two higgs doublets contain 8 degrees of freedom, 3 of which should be eaten by
massive gauge bosons as Goldstones. So there are 5 physical scalars left, 2 of which are
charged and 3 of which are neutral. If CP is a good symmetry, there will be 2 CP even and
1 CP odd scalars among the 3 neutral ones. However, when CP is spontaneously breaking,
the CP eigenstates will mix with each other thus the neutral scalars have no certain CP
4 We write sα ≡ sinα, cα ≡ cosα, tα ≡ tanα for short in this paper.
9charge. We have the Goldstones as
G± = cβφ±1 + e
∓iξφ±2 ; (15)
G0 = cβI1 + sβcξI2 − sβsξR2. (16)
The charged Higgs boson is the orthogonal state of the charged Goldstone as
H± = −e±iξsβφ±1 + cβφ±2 (17)
and its mass square should be
m2H± = −
λ7v
2
2
. (18)
While for the neutral part, we write the mass square matrix as m˜v2/2 in the basis (−sβI1 +
cβcξI2 − cβsξR2, R1, sξI2 + cξR2)T . The symmetric matrix m˜ is
(λ4 − λ7)s2ξ
−((λ4 − λ7)sβcξ
+λ2cβ)sξ
−((λ4 − λ7)cβcξ
+λ5sβ)sξ
4λ1c
2
β + 2λ2cβsβcξ
+(λ4 − λ7)s2βc2ξ
(2(λ3 + λ7) + (λ4 − λ7)c2ξ)sβcβ
+λ2c
2
βcξ + λ5s
2
βcξ
(λ4 − λ7)c2βc2ξ
+2λ5sβcβcξ + 4λ6s
2
β

(19)
and its three eigenvalues correspond to the masses of three neutral bosons.
We expand the matrix m˜ in series of tβ(sξ) as
m˜ = m˜0 + (tβsξ)m˜1 + (tβsξ)
2m˜2 + · · · (20)
to get the approximate analytical behavior of its eigenvalues and eigenstates. Certainly we
have
lim
tβsξ→0
det(m˜) = det(m˜0) = 0 (21)
which means a zero eigenvalue of m˜0 thus there must be a light neutral scalar when tβsξ is
10
small. To the leading order of tβsξ, for the lightest scalar h, we have
m2h =
v2t2βs
2
ξ
2
(
(m˜2)11 − (m˜1)
2
12
(m˜0)22
− (m˜1)
2
13
(m˜0)33
)
=
v2t2βs
2
ξ
2
[
4λ6 + 2λ5(λ3 + λ7)s2θ
(
1
(m˜0)22
− 1
(m˜0)33
)
−4(λ3 + λ7)2
(
c2θ
(m˜0)22
+
s2θ
(m˜0)33
)
− λ25
(
s2θ
(m˜0)22
+
c2θ
(m˜0)33
)]
; (22)
h = I2 − tβsξ
(
(m˜1)12
(m˜0)22
(cθR1 + sθR2) +
(m˜1)13
(m˜0)33
(cθR2 − sθR1) + I1
tξ
)
= I2 − tβsξ
[(
2(λ3 + λ7)
(
c2θ
(m˜0)22
+
s2θ
(m˜0)33
)
+
λ5s2θ
2
(
1
(m˜0)22
− 1
(m˜0)33
))
R1
+
(
(λ3 + λ7)s2θ
(
1
(m˜0)22
− 1
(m˜0)33
)
+ λ5
(
s2θ
(m˜0)22
+
c2θ
(m˜0)33
))
R2 +
I1
tξ
]
. (23)
While for the two heavier neutral Higgs, we have
m22(3) =
v2
2
(
(m˜0)22(33) +O(tβsξ)
)
, (24)
in which (m˜0)22(33) are the other two eigenvalues of m˜0 and
(m˜0)22(33) =
4λ1 + λ4 − λ7
2
±
(
4λ1 − (λ4 − λ7)
2
c2θ + λ2s2θ
)
(25)
where θ = (1/2) arctan(2λ2/(4λ1 − λ4 + λ7)). The physical states are h2
h3
 =
 cθ sθ
−sθ cθ
 R1
R2
+O(tβsξ). (26)
For all the details about scalar spectra and its small tβsξ expansion series, the interested
reader can see section B.
From the Yukawa couplings we will get the mass matrixes for fermions as
(MU)ij =
v√
2
(Y1ucβ + Y2usβe
−iξ)ij, (27)
(MD)ij =
v√
2
(Y1dcβ + Y2dsβe
iξ)ij. (28)
We can always perform the diagonalization for MU(D) with matrixes U(D)L and U(D)R as
ULMUU
†
R =

mu
mc
mt
 , DLMDD†R =

md
ms
mb
 . (29)
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And VCKM = ULD
†
L is the CKM matrix.
In this scenario, the couplings for the discovered light Higgs boson should be modified
from SM by a factor as
Lh,eff = cV
(
2m2W
v
W+µ W
µ− +
m2Z
v
ZµZ
µ
)
h− c±vH+H−h
−
∑
i
(
cUiU¯LiURi + cDiD¯LiDRi + h.c.
)
h, (30)
where the factors c± and cV must be real, but cUi and cDi may be complex. According to
(C.1)-(C.4) in section C, to the leading order of tβsξ, we straightforwardly have
cV = tβsξ(1− η1); (31)
mDi
v
cDi =
i(Y ′2d)ii√
2
− tβsξ√
2
(η1(Y
′
1d)ii + η2(Y
′
2d)ii); (32)
mUi
v
cUi = −i(Y
′
2u)ii√
2
− tβsξ√
2
(η1(Y
′
1u)ii + η2(Y
′
2u)ii); (33)
and the coupling including charged higgs should be
c± = tβsξ
(
(2λ6 − λ7)− λ3η1 − λ5η2
2
)
; (34)
where
η1 = cθ
(m˜1)12
(m˜0)22
− sθ (m˜1)13
(m˜0)33
= 2(λ3 + λ7)
(
c2θ
(m˜0)22
+
s2θ
(m˜0)33
)
+
λ5s2θ
2
(
1
(m˜0)22
− 1
(m˜0)33
)
; (35)
η2 = sθ
(m˜1)12
(m˜0)22
+ cθ
(m˜1)13
(m˜0)33
= (λ3 + λ7)s2θ
(
1
(m˜0)22
− 1
(m˜0)33
)
+ λ5
(
c2θ
(m˜0)22
+
s2θ
(m˜0)33
)
. (36)
We choose all the nine free parameters as nine observables in Higgs sector: masses of
four scalars mh,m2,m3 and mH± ; vacuum expected values v1, v2, ξ and two mixing angles
for neutral bosons. The mixing angles are represented as c1 and c2.
LhiV V = cihi
(
2m2W
v
W+µ W
µ− +
m2Z
v
ZµZ
µ
)
. (37)
The ci just stands for the hiV V vertex strength ratio comparing with that in SM
5. In the
scalar sector, for non-degenerate neutral Higgs bosons, a quantity K = c1c2c3 measures the
5 There is a sum rule c21 + c
2
2 + c
2
3 = 1 due to spontaneous electro-weak symmetry broken, thus only two of
the ci are free, and c1 here is just the cV in (31).
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CP violation effects [49][50]6, while in Yukawa sector, the Jarlskog invariant J [30] measures
that. In this scenario, to the leading order of tβsξ, we have
K = c1c2c3 = −sθcθ(1 + η1)tβsξ ∝ tβsξ (38)
In order to calculate J, we define matrix Cˆ as
Cˆ ≡
[
MUM
†
U ,MDM
†
D
]
. (39)
We can always choose a basis in which the diagonal elements of Cˆ are zero. Thus
Cˆ =

0 C3 −C2
−C3 0 C1
C2 −C1 0
+ i

0 C∗3 C
∗
2
C∗3 0 C
∗
1
C∗2 C
∗
1 0
 = (ReCˆ + iImCˆ) (40)
in which using equations (27) and (28), to the leading order of tβsξ, we have
ReCˆ =
v4c4β
4
[
Yu1Y
†
u1, Yd1Y
†
d1
]
; (41)
ImCˆ =
v4c4β
4
([
Yu1Y
†
u2 − Yu2Y †u1, Yd1Y †d1
]
+
[
Yu1Y
†
u1, Yd2Y
†
d1 − Yd1Y †d2
])
tβsξ ∝ tβsξ. (42)
To the leading order of tβsξ, the determinant
det
(
iCˆ
)
≡ 2J
∏
i<j
(
m2Ui −m2Uj
)∏
i<j
(
m2Di −m2Dj
)
= C1C2C3
(
C∗1
C1
+
C∗2
C2
+
C∗3
C3
)
, (43)
where C∗i ∝ tβsξ, thus
J =
∏
Ci
∑
(C∗i /Ci)∏(
m2Ui −m2Uj
)∏(
m2Di −m2Dj
) ∝ tβsξ. (44)
According to the equations (38), (44), and (22), we propose that the lightness of the Higgs
boson and the smallness of CP-violation effects could be correlated through small tβsξ since
both the Higgs mass mh and the quantities K and J to measure CP-violation effects are
proportional to tβsξ at the small tβsξ limit.
6 If at least two of the neutral bosons have degenerate mass, we can always perform a rotation among the
neutral fields to keep K = 0.
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In the following two sections, we will study whether the Lee model is still viable con-
fronting the current numerous high and low energy measurements. From Eq. (31), it is
quite clear that couplings of discovered scalar boson differ from those in the SM, namely
Lee model does not have SM limit. Provided that LHC obtained only a small portion of its
designed integrated luminosity, there would be spacious room for Lee model. In the long
run, LHC and future facilities have the great potential to discover/exclude Lee model. We
will discuss this part in section V.
III. CONSTRAINTS FROM HIGH ENERGY PHENOMENA
In this model there are two more neutral bosons and one more charged boson pair com-
paring with SM, these degree of freedoms may affect on the physics at electro-weak scale,
and they could also be constrained by direct searches at the LHC. For the discovered boson,
SM predicts the decay branching ratios for a Higgs boson with mass 125.7GeV in Table I.
However in Lee model, the modified couplings will change the total width and branching
ratios due to equations (31)-(34), together with the production cross sections modified by
(33) for gluon fusion and (31) for vector boson fusion and the associated production with
vector bosons. Of course, this model may also affect top physics because the couplings
between Higgs boson and top quark are not suppressed and it may also change the flavor
changing couplings especially for top quark. Thus it is necessary to discuss the constraints
to this model from high energy phenomena.
A. Constraints on heavy neutral bosons
A heavy Higgs boson may decay to W+W−, 2Z0, 2h, tt¯ (for neutral bosons heavier than
2mt ≈ 346GeV), or H+H−(for light charged Higgs and a neutral boson heavier than 2mH±).
Based on the searches for the SM Higgs boson using diboson final state [51], masses and
couplings of the other two heavier neutral Higgs bosons should be constrained by the data.
For a neutral Higgs boson heavier than 350GeV, the tt¯ resonance search [52] may also give
some constraints.
In this scenario, the totol width of a heavy boson can be expressed as
Γi = Γi,V V + Γi,± + Γi,2h + Γi,tt¯, (45)
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where Γi,V V , Γi,±, Γi,2h, Γi,tt¯ correspond to massive gauge boson pairs, charged Higgs pair,
neutral Higgs pair and top quark pair final states respectively. The partial decay width for
a heavy neutral Higgs with mass mi are
Γi,V V
mi
=
3c2i
16pi
(mi
v
)2
(mi  mV ); (46)
Γi,tt¯
mi
=
3|ct,i|2
8pi
(mt
v
)2√
1− 4m
2
t
m2i
(
1− 4m
2
t cos
2(arg(ct,i))
m2i
)
; (47)
Γi,±
mi
=
λ2i,±
16pi
( v
M
)2√
1− 4m
2
H±
m2i
; (48)
Γi,hh
mi
=
λ2i,hh
32pi
( v
M
)2√
1− 4m
2
h
m2i
. (49)
in unit of its mass. Here we have the vertices
λi,± =
1
v
∂3V
∂hi∂H+∂H−
, λi,hh =
1
v
∂3V
∂hi∂h2
. (50)
The couplings λi,±, λi,hh ∼ O(1).
The signal strength is defined as
µ =
σ
σSM
· Γi,V V
Γi
· 1
BrSM(V V )
(51)
for a production channel. The σ/σSM . O(1) for different channels. For a heavy Higgs with
mi ≤ 2mt, BrSM(V V ) is very close to 1; while for mi > 2mt, BrSM(V V ) has a minimal
value of about 0.8 when mi ∼ 500GeV. According to (46) -(49), we can estimate that for
both mi ∼ v and mi  v, µ ∼ O(0.1 ∼ 1).
Thus according to the figures in [51], we have three types of typical choices for the mass
of two heavy neutral higgs particles in Table IV. (Here we write the mass of the lighter
boson m2 and the heavier one m3.)
TABLE IV: Typical choices for the masses of the two heavy neutral scalars.
Case Allowed m2(GeV) Allowed m3(GeV)
I . 300 . 300
II . 300 & 700
III & 700 & 700
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B. Constraints due to Oblique Parameters
After the discovery of the new boson, there are new electro-weak fit for the standard
model [18]. Choosing mt,ref = 173GeV and mh,ref = 126GeV, the oblique parameters [19]
are
S = 0.03± 0.10, T = 0.05± 0.12, U = 0.03± 0.10,
RST = +0.89, RSU = −0.54, RTU = −0.83, (52)
with R the correlation coefficient between two quantities; or
S = 0.05± 0.09, T = 0.08± 0.07, R = +0.91, (53)
with fixed U = 0, where R is the correlation coefficient between S and T. The basic math-
ematica code to draw the S-T ellipse can be found on the webpage [53]7. The contribution
to S and T parameters due to multi-higgs doublets were calculated in [54] (see the formulae
in [49]).
∆T =
1
16pis2Wm
2
W
[ 3∑
i=1
(1− c2i )F (m2H± ,m2i )− c21F (m22,m23)− c22F (m33,m21)
−c23F (m21,m22) + 3
3∑
i=1
c2i (F (m
2
Z ,m
2
i )− F (m2W ,m2i ))
−3(F (m2Z ,m2h,ref)− F (m2W ,m2h,ref))
]
; (54)
∆S =
1
24pi
[
(1− 2s2W )2G(z±, z±) + c21G(z2, z3) + c22G(z3, z1) + c23G(z1, z2)
+
3∑
i=1
(
c2iH(zi) + ln
(
m2i
m2H±
))
−H
(
m2h,ref
m2Z
)
− ln
(
m2h,ref
m2H±
)]
; (55)
where ci is the rate of the hiVµV
µ coupling to that in SM (c1 represents above-mentioned
cV ) and
∑
c2i = 1. mh,ref = m1 = 126GeV is the reference point for Higgs Boson, z± =
7 Assuming Gaussian distribution, the second ∆χ2 should be 6.0 instead of 6.8 in the code. See the 36th
chapter (statistics) of the reviews in PDG [28], in its 2014 updated version please see the 38th chapter
instead.
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FIG. 1: S-T ellipse for case I, m2 = 280GeV and m3 = 300GeV.
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2 and zi = (mi/mZ)
2. The functions F,G,H read (following the fomulae in [49])
F (x, y) =
x+ y
2
− xy
x− y ln
(
x
y
)
; (56)
G(x, y) = −16
3
+ 5(x+ y)− 2(x− y)2
+3
(
x2 + y2
x− y + y
2 − x2 + (x− y)
3
3
)
ln
(
x
y
)
+ (1− 2(x+ y)
+(x− y)2)f(x+ y − 1, 1− 2(x+ y) + (x− y)2); (57)
H(x) = −79
3
+ 9x− 2x2 +
(
−10 + 18x− 6x2 + x3 − 9x+ 1
x− 1
)
lnx
+(12− 4x+ x2)f(x, x2 − 4x); (58)
where
f(x, y) =

√
y ln
∣∣∣x−√yx+√y ∣∣∣ , y ≥ 0;
2
√−y arctan
(√−y
x
)
, y < 0.
(59)
At removable singularities the functions are defined as the limit.
The parameter U is usually small so that we fix U = 0 from now on. We take the
benchmark points according to the cases in Table IV. We show the contours in Figure 1-
Figure 3 for the cases listed in Table IV in last section. Throughout the paper, the region
outside the green area is excluded at 68% C.L. and the region outside the yellow area is
excluded at 95% C.L. Firstly, for case I, we take m2 = 280GeV and m3 = 300GeV. The
typical values for the left diagram in Figure 1 are c21 = 0.2, c
2
2 = c
2
3 = 0.4. Here the blue and
red lines refer to 86GeV < mH± < 126GeV and 312GeV < mH± < 350GeV respectively.
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FIG. 2: S-T ellipse for case II, m2 = 300GeV and m3 = 700GeV.
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FIG. 3: S-T ellipse for case III, m2 = 700GeV and m3 = 750GeV.
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For the right diagram, c21 = 0.25, c
2
2 = 0.4, c
2
3 = 0.35, and the blue and red lines refer to
94GeV < mH± < 136GeV and 312GeV < mH± < 351GeV respectively.
Secondly, for case II, we take m2 = 300GeV and m3 = 700GeV. The typical values
for the left diagram in Figure 2 are c21 = 0.2, c
2
2 = 0.5, c
2
3 = 0.3. Here the blue and red
lines refer to 127GeV < mH± < 149GeV and 580GeV < mH± < 600GeV respectively.
For the right diagram, c21 = c
2
3 = 0.25, c
2
2 = 0.5, and the blue and red lines refer to
141GeV < mH± < 163GeV and 598GeV < mH± < 618GeV respectively.
Thirdly, for case III, we take m2 = 700GeV and m3 = 750GeV. The typical values for
the left diagram in Figure 3 are c21 = 0.2, c
2
2 = c
2
3 = 0.4. Here the blue and red lines
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refer to 218GeV < mH± < 235GeV and 748GeV < mH± < 765GeV respectively. For
the right diagram, c21 = 0.25, c
2
2 = 0.4, c
2
3 = 0.35, and the blue and red lines refer to
250GeV < mH± < 269GeV and 749GeV < mH± < 767GeV respectively.
In type II 2HDM the charged Higgs should be heavier than 360GeV [55][56] mainly due
to the constraint from inclusive b→ sγ process. However in other models, there is no such
strict constraints. Direct searches by LEP told us that the charged Higgs boson should be
heavier than 78.6GeV [57]. In case I and II above, a light (around 100 ∼ 200GeV) charged
Higgs boson is allowed, while in case III the charged Higgs boson cannot be lighter than
about 250GeV. In case I and III, a charged higgs boson with the mass near the heavy neutral
bosons is allowed, while in case II a heavy charged higgs boson must be lighter than the
heaviest neutral scalar.
C. Constraints due to Signal Strengths
In Table II and Table III, for a certain channel, the signal strength is defined as
µf =
σ ·Brf
(σ ·Brf )SM =
σ
σSM
· Γf
Γf,SM
· Γtot,SM
Γtot
, (60)
in which σ/σSM = |c′t|2 for gluon fusion processes and σ/σSM = c2V for vector boson fusion
(VBF) processes and associated productions with a gauge boson. For decays without inter-
ference, we simply have Γf/Γf,SM = |cf |2 such as for f = V, b, τ . While for the two photons
final state, we have [6][22]
Γγγ
Γγγ,SM
=
∣∣∣∣(4/3)c′tA1/2(xt) + cVA1(xW ) + (c±v2/2m2H±)A0(x±)(4/3)A1/2(xt) +A1(xW )
∣∣∣∣2 , (61)
in which xi = m
2
h/4m
2
i for i = t,W,H
±. The loop integration functions are
A0(x) = 1
x2
(x− f(x)) (62)
A1/2(x) = − 2
x2
(x+ (x− 1)f(x)) (63)
A1(x) = 1
x2
(2x2 + 3x+ 3(2x− 1)f(x)) (64)
for scalar, fermion and vector boson loop respectively and
f(x) =

arcsin2
√
x, x ≤ 1;
−1
4
(
ln
(
1+
√
1−1/x
1−
√
1−1/x
)
− pii
)2
, x > 1.
(65)
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In a spontaneous CP-violation model, c′t (together with other cf for fermions) can be
complex while cV and c± must be real. Notice all the cV , c±, cb and cτ are the same with
those in (31)-(34), but ct should be modified to c
′
t as
c′t = Re(ct) + i
B1/2(m2h/4m2t )
A1/2(m2h/4m2t )
Im(ct) (66)
in which the function
B1/2(x) = −2f(x)
x
. (67)
Thus defining αt ≡ arg(ct) and α′t ≡ arg(c′t), numerically we have
α′t = arctan(1.52 tanαt), |c′t| = |ct|
√
1 + 1.31 sin2 αt. (68)
Assuming there is no unknown decay channel which contributes several percentages or more
to the total width, we can estimate that
Γtot
Γtot,SM
= 0.57|cb|2 + 0.25c2V + 0.06|cτ |2 + 0.03|cc|2 + 0.09|c′t|2 (69)
according to Table I.
Define the χ2
χ2 =
∑
i,f
(
µi,f,obs − µi,f,pre
σi,f
)2
(70)
where i = VBF, ggF,VH and f = γγ,WW ∗, ZZ∗, τ+τ− at a detector (CMS or ATLAS).
The µi,f,obs(pre) are the observed (predicted) signal strength for the production channel i and
final state f . We ignored all correlation coefficients between channels since they are small.
Numerically we find that the minimal χ2 is not sensitive to the charged Higgs mass since
the scalar loop contributes less than the top and W loop in γγ decay channel. Thus we
take the benchmark point as mH± = 150GeV. For six degrees of freedom, parameter space
with χ2 ≤ 7.0 is allowed at 68%C.L. and χ2 ≤ 12.6 is allowed at 95%C.L. For both CMS
and ATLAS data, the minimal χ2 is very sensitive to cV and c
′
t, since they give dominant
contributions to most production cross sections and partial decay widths; it is sensitive to
cb as well since the total width is sensitive to |cb|. With the CMS data, we have cV ≥ 0.22;
and with the ATLAS data, we have cV ≥ 0.31, both at 95%C.L. So cV = 0.5 is a good
benchmark point as we have chosen in the last section, and it will also be taken around
this point in later analysis. The χ2 is not very sensitive to |cτ | and c±, as both of them
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FIG. 4: Allowed |c′t| − α′t contour when taking cV = 0.4, c± = 0.2 and |cτ | = 0.8 for CMS data.
|cb| = 0.1 for the left figure and |cb| = 0.4 for the right figure.
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FIG. 5: Allowed |c′t| − α′t contour when taking cV = 0.4, c± = 0.2 and |cb| = 0.7 for CMS data.
|cτ | = 0.8 for the left figure and |cτ | = 1.3 for the right figure.
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contribute to only one channel, and the charged Higgs loop contributes less in the γγ decay
channel. Thus for most analysis we don’t discuss these two parameters carefully.
For the CMS data, when cV ∼ 0.5, the χ2min ≈ 2. The data favors smaller |cb| but the
minimal value of χ2 changes little as cb varies, since the points are far away from the 95%
allowed boundary cV = 0.22. Figure 4-Figure 6 show CMS allowed |c′t| and α′t ≡ arg(c′t) for
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FIG. 6: Allowed |c′t| − α′t contour when taking cV = 0.5, c± = 0.2 and |cτ | = 1 for CMS data. The
four figures correspond to |cb| = 0.1, 0.3, 0.5, 0.7 respectively.
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some benchmark points8.
In Figure 4 and Figure 5, we choose cV = 0.4. Fixing c± = 0.2 and |cτ | = 0.8, and taking
|cb| = 0.1, 0, 4, 0.7, we have the three figures in Figure 4 and Figure 5. The best fit point for
|ct| has positive correlation with |cb|. For larger |cb|, the best fit point for |cτ | increases as
well, thus in the right figure in Figure 5 we set |cτ | = 1.3 and get better fitting result.
In Figure 6, we have cV = 0.5. Fixing c± = 0.2 and |cτ | = 0.9, and taking |cb| =
8 In this paper, the benchmark points are close to the best fit points for a certain case thus the allowed
regions are typical enough.
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FIG. 7: Allowed |c′t| − α′t contour when taking cV = 0.5, c± = 0.4 and |cτ | = 0.7 for ATLAS data.
The left and right figures correspond to |cb| = 0.2 and |cb| = 0.4 respectively.
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0.1, 0, 3, 0.5, 0.7, we get the four figures. The fitting results are less sensitive to |cτ | than in
Figure 4 and Figure 5, and the best fit point for |c′t| has positive correlation with |cb| as well.
Usually α′t ∼ 0 is disfavored while for smaller |cb| and larger cV any α′t is allowed. For each
case, the best fit point is about |α′t| ∼ 1.2.
For the ATLAS data, when cV ∼ 0.5, the χ2min ≈ 7 which is near the 1σ allowed boundary.
The data favor smaller |cb| as well just like the CMS case. Figure 7-Figure 8 show ATLAS
allowed |c′t| and α′t ≡ arg(c′t) for some benchmark points.
In Figure 7 we show the allowed regions for c′t. Fixing cV = 0.5, c± = 0.4, and |cτ | = 0.7,
choosing |cb| = 0.2, 0.4, we have the two figures. In Figure 8, fixing cV = 0.6, c± = 0.4, and
|cτ | = 0.8, and taking |cb| = 0.1, 0.3, 0.5, 0.7, we have the four figures. Usually α′t ∼ 0 is
disfavored while for smaller |cb| and larger cV any α′t is allowed. The best fit points for α′t
are around |α′t| ∼ 1.2, all these behaviors are similar as the results from CMS data.
For both CMS and ATLAS data, smaller |cb| is favored. In most case, the best fit points
for |c′t|, |cτ | are around 1, and c± ∼ O(0.1). The fitting results for α′t favor smaller |α′t|(∼ 1.2)
by both data for most |cb| input. We also have the χ2 for SM as
χ2SM,CMS = 2.4, χ
2
SM,ATLAS = 3.7 (71)
close to the minimal χ2 for Lee model we discussed in this paper. So the Lee model can fit
the current data as well as that in the SM.
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FIG. 8: Allowed |c′t| − α′t contour when taking cV = 0.6, c± = 0.4 and |cτ | = 0.8 for ATLAS data.
The four figures correspond to |cb| = 0.1, 0.3, 0.5, 0.7 respectively.
-3 -2 -1 1 2 3 Αt'
0.2
0.4
0.6
0.8
1.0
1.2
1.4
Èct'È
-3 -2 -1 1 2 3 Αt'
0.2
0.4
0.6
0.8
1.0
1.2
1.4
Èct'È
-3 -2 -1 1 2 3 Αt'
0.2
0.4
0.6
0.8
1.0
1.2
1.4
Èct'È
-3 -2 -1 1 2 3 Αt'
0.8
1.0
1.2
1.4
1.6
1.8
2.0
Èct'È
D. Same Sign Top Production
We put no additional symmetries in the Yukawa sector to avoid tree-level FCNC, thus
the model must be constrained by processes including flavor-changing interactions. The
tree-level FCNC for up type quarks will lead to same sign top quarks production at the
LHC. An upper limit at 95%C.L. was given as [58]
σtt < 0.37pb (72)
by the CMS group with an integrated luminosity 19.5fb−1 at
√
s = 8TeV.
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In this model, we can write the interaction which can induce same sign top quark pro-
duction at the LHC as
LI,tuh = − 1√
2
t¯(ξ1tu + ξ2tuγ
5)uh+ h.c. (73)
The lightest neutral boson gives the dominant contribution when the effect couplings are
similar. A direct calculation gives
σtt =
∫
dx1dx2fu(x1)fu(x2)σ0 (74)
in which
σ0 =
|ξtu|4βt
64pis0
∫ 1
−1
dcθ
[(
1− βtcθ
1 + β2t + 4m
2
h/s0 − 2βtcθ
)2
+
(
1 + βtcθ
1 + β2t + 4m
2
h/s0 + 2βtcθ
)2
− 1 + β
2
t c
2
θ − 2β2t
(1 + β2t + 4m
2
h/s0)
2 − 4β2t c2θ
]
, (75)
if ξ1tuξ
∗
2tu + ξ2tuξ
∗
1tu = 0 where s0 is the square of energy in the frame of momentum center
of two partons (both u quarks). βt =
√
1− 4m2t/s0 is the velocity of a top quark and θ is
the radiative angle in the same frame and |ξtu| =
√|ξ1tu|2 + |ξ2tu|2. Using the MSTW2008
PDF [59] and comparing with (72), we can estimate that |ξtu| . 0.4.
E. Top Rare Decays
In this model, the FCNC interactions including up type quarks will induce rare decay
processes of top quark, such as t → ch and t → uh, usually with a larger rate than that
in the SM. When the charged Higgs boson is lighter than the top quark, there will be a
new decay channel t → H+b as well. Direct search results at √s = 8TeV by CMS at LHC
gave the top pair production cross section[60] σtt¯ = (237 ± 13)pb assuming mt = 173GeV
and Br(t → bW ) = 1, while theoretical calculation predicts that[61] σtt¯,pre = (246+9−11)pb.
Assuming there is no effects beyond SM during the production of top pair, these results can
constrain the top rare decay (all channels except bW ) branching ratio
Brt,rare = 1−Br(t→ bW ) < 7.4% (76)
at 95%C.L.
25
For the rare decay processes above, the interactions can be written as
LI,tch = − 1√
2
t¯(ξ1tc + ξ2tcγ
5)ch+ h.c. (77)
LI,tbH+ = −t¯(ξ1tb + ξ2tbγ5)bH+ + h.c. (78)
together with (73). Direct calculations give the decay rates
Γhu(hc) =
|ξtu(tc)|2mt
32pi
(
1− m
2
h
m2t
)2
(79)
ΓH+b =
|ξtb|2mt
16pi
(
1− m
2
H±
m2t
)2
, (80)
where |ξti| =
√|ξ1ti|2 + |ξ2ti|2.
Direct search for t→ c(u)h→ c(u)γγ decays [62] at ATLAS gives the bound for branching
ratios
Br(t→ ch) +Br(t→ uh) < 0.79% ·
(
Br(h→ γγ)SM
Br(h→ γγ)
)
(81)
at 95% C.L. which leads to√
|ξtu|2 + |ξtc|2 < 0.16κ, where κ =
√
Br(h→ γγ)SM
Br(h→ γγ) ∼ O(1) (82)
and κ = 1 in the SM. For most cases it is a stronger constraint on |ξtu| than that in the same
sign top production process, but they are of the same order. A similar measurement by CMS
[63] gives a 95% upper limit Br(t→ ch) < 0.56% hence |ξtc| < 0.14 with the combination of
Higgs decaying to diphoton or multileptons assuming the SM decay branching ratios of Higgs
boson. If we allow different branching ratios to the SM, the constraints on this coupling is
still of that order. Adopting the Cheng-Sher ansatz [43], we have
|ξtc|v√
2mtmc
. 1.5, and |ξtu|v√
2mtmu
. 44 (83)
assuming SM branching ratios of Higgs. For other branching ratio, the constraints are of
the same order.
Direct searches for t → bH+ → bτ+ντ (cs¯) at ATLAS [64] for 90GeV < mH± <
160(150)GeV and at CMS [65] for 80GeV < mH± < 160GeV gave the results in Table V.
These results lead to the upper limits region on |ξtb| at 95%C.L. as
|ξtb| <

(0.15 ∼ 0.59)/√Br(τν), (CMS, 80GeV < mH± < 160GeV);
(0.15 ∼ 1.12)/√Br(cs¯), (CMS, 90GeV < mH± < 160GeV);
(0.13 ∼ 0.45)/√Br(τν), (ATLAS, 90GeV < mH± < 160GeV);
(0.19 ∼ 0.27)/√Br(cs¯), (ATLAS, 90GeV < mH± < 150GeV).
(84)
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TABLE V: Constraints on the t → bH+ → bτ+ν(cs¯) from direct searches for light charged Higgs
boson (lighter than top quark).
Process
(H+ → f)
Charged Higgs
mass (GeV)
Br(t→ bH+ → bf)
(95%C.L.)
H+ → cs¯(ATLAS) 90 ∼ 150 < (1.2% ∼ 5.1%)
H+ → τ+ν(ATLAS) 90 ∼ 160 < (0.8% ∼ 3.4%)
H+ → τ+ν(CMS) 80 ∼ 160 < (1.9% ∼ 4.1%)
H+ → cs¯(CMS) 90− ∼ 160 < (1.7% ∼ 7.0%)
TABLE VI: Constraints on the tbH+ vertex coupling |ξtb| for some typical mass of the charged
Higgs boson.
Mass(GeV) 100 120 150
CMS(τν) 0.17/
√
Br(τν) 0.20/
√
Br(τν) 0.38/
√
Br(τν)
CMS(cs¯) 0.15/
√
Br(cs¯) 0.16/
√
Br(cs¯) 0.43/
√
Br(cs¯)
ATLAS(τν) 0.16/
√
Br(τν) 0.12/
√
Br(τν) 0.25/
√
Br(τν)
ATLAS(cs¯) 0.17/
√
Br(cs¯) 0.16/
√
Br(cs¯) 0.27/
√
Br(cs¯)
For some typical mass of charged Higgs boson (which are allowed for some cases in the S-T
ellipse tests) we have the upper limits of |ξtb| in Table VI. From all the direct searches for
top decays, we must have an relation
Br(t→ hc) +Br(t→ hu) +Br(t→ bH+) < 7.4% (85)
according to (76) at 95% C.L. as well.
IV. CONSTRAINTS FROM LOW ENERGY PHENOMENA
The Lee model we discussed in this paper contains additional sources of CP violation and
tree-level FCNC interactions, therefore they will affect many kinds of low energy phenomena,
especially for the CP violation observables and the FCNC processes. For the CP violation
observables, we will focus on the constraints from the electric dipole moments(EDM) of
electron and neutron [66]. For the constraints on FCNC interactions, we will focus on the
mesonic measurements.
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A. Constraints due to EDM and Strong CP Phase
Direct searches of the electric dipole moment (EDM) for electron(de) and neutron(dn)
are given as [34][67]
de = (−2.1± 4.5)× 10−29e · cm, dn = (0.2± 1.7)× 10−26e · cm (86)
which will constrain the corresponding CP-violation interactions.
The effective interaction for electron can be writen as [66]
Le,EDM = −ide
2
e¯σµνγ5eFµν (87)
where de is the EDM for electron. In our scenario, the dominant contribution to electron
EDM should be due to the two-loop Barr-Zee type diagrams [68] [69] involving the lightest
scalar as follows
de
e
=
(
de
e
)
W±
+
(
de
e
)
t
+
(
de
e
)
H±
=
2
√
2αemGFme
(4pi)3
(
−cV Im(ce)J1(mW ,mh) + 8
3
Re(ce)Im(ct)J1/2(mt,mh)
+
8
3
Im(ce)Re(ct)J
′
1/2(mt,mh)− c±Im(ce)J0(mH± ,mh)
)
(88)
in which the loop integration functions J1 comes from the W loop, J1/2(J
′
1/2) comes from
the top loop and J0 comes from the charged scalar loop. The analytical expressions are [69]
J1(mW ,mh) = −m
2
W
m2h
((
5− m
2
h
2m2W
)
I1(mW ,mh)
+
(
3 +
m2h
2m2W
)
I2(mW ,mh)
)
; (89)
J1/2(mt,mh) = −m
2
t
m2h
I1(mt,mh); (90)
J ′1/2(mt,mh) = −
m2t
m2h
I2(mt,mh); (91)
J0(mH± ,mh) = − v
2
2m2h
(I1(mH± ,mh)− I2(mH± ,mh)); (92)
where
I1(m1,m2) =
∫ 1
0
dz
m22
m21 −m22z(1− z)
ln
(
m22z(1− z)
m21
)
;
I2(m1,m2) =
∫ 1
0
dz
m22(1− 2z(1− z))
m21 −m22z(1− z)
ln
(
m22z(1− z)
m21
)
. (93)
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FIG. 9: Constraints on ce taking αt = 1.0.
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Numerically, the contribution from charged Higgs loop is usually small comparing with
the W and top loop, especially for heavy charged Higgs. As a benchmark point, take
mH± = 150GeV, we have
de = [−(14.0cV + 1.28c±)Im(ce) + 6.53Re(ct)Im(ce)
+9.32Re(ce)Im(ct)]× 10−27e · cm. (94)
As benchmark points, take cV = c± = 0.5, |ct| = 1. For both CMS and ATLAS data,
small α(< pi/2) is favored. Take α′t = 1.2 around the best fit point thus αt ≈ 1.0, the EDM
data strongly constrains the coupling ce. For most αe ≡ arg(ce), the coupling strength |ce|
is constrained to be as small as O(10−2− 10−1). But for some special angles, as αe ≈ −2.04
and αe ≈ 1.09, |ce| may be as large as O(1). But the windows are very narrow, in Figure 9
we show the constraints close to the special angles.
If adding the contributions from heavy neutral Higgs, the constraints on ce would be
shifted. Since both heavy scalars are CP-even dominant, we can estimate that
arg(ce,2) ' arg(ce,3) ' arg(ct,2) ' arg(ct,3) ∼ O(0.1) (95)
and for the two |ce,i|, at least one of them is of O(1) because of its mass; which is the same
for |ct,i|. For the couplings to gauge bosons, we can estimate
c22 + c
2
3 = 1− c21 ' 0.7 (96)
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FIG. 10: An example of modified constraints by heavy neutral scalars.
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thus at least one of them must be large enough to be close to O(1). For a neutral Higgs
with mass m2 ∼ 300GeV or m2 ∼ 700GeV, the contributions can be estimated as
de,2 ' (1 ∼ 5)× 10−28e · cm; (97)
de,3 ' (0.5 ∼ 3)× 10−28e · cm. (98)
As an example, if the heavy scalars contribute a d′e = 2 × 10−28e · cm, Figure 9 would be
changed to Figure 10. It still imposes strict constraints on ce but the behaviors are different
from that without including the contributions from the heavy scalars.
For neutron, the effective interaction can be written as [66, 70, 71]
Ln,EDM = − i
2
∑
q
(dq q¯σ
µνγ5qFµν + d˜qgsq¯σ
µνγ5taqGaµν)
−w
3
fabcGµνG
ν,b
σ G˜
µσ,c +
θαs
8pi
GµνG˜
µν . (99)
The first two operators correspond to the EDM(dq) and color EDM(d˜q) of light quarks; the
third operator is the Weinberg operator; and the last operator, in which θ = arg(det(Mu ·
Md)) is the strong CP phase. The EDM of neutron [66, 70, 71] is
dn
e
' 1.4
(
dd
e
− 0.25du
e
)
+ 1.1
(
d˜d + 0.5d˜u
)
+(2.5× 10−16θ + 4.3× 10−16w(GeV−2))cm (100)
at the hadron scale with a theoretical uncertainty of about 50%. At weak scale the EDM
30
and CEDM for quarks are given as [70][71]
dq
e
=
2
√
2αemQqGFmq
(4pi)3
(
cV Im(cq)J1(mW ,mh) + c±Im(cq)J0(mH± ,mh)
−8
3
(
Re(cq)Im(ct)J1/2(mt,mh) + Im(cq)Re(ct)J
′
1/2(mt,mh)
))
; (101)
d˜q = −2
√
2αsGFmq
(4pi)3
(
Re(cq)Im(ct)J1/2(mt,mh)
+Im(cq)Re(ct)J
′
1/2(mt,mh)
)
; (102)
and the Weinberg operator
w =
√
2GFgsαs
4 · (4pi)3 Re(ct)Im(ct)g
(
m2t
m2h
)
(103)
with
g(x) = 4x2
∫ 1
0
dv
∫ 1
0
du
u3v3(1− v)
(xv(1− uv) + (1− u)(1− v))2 . (104)
Following the appendix in [70], with the input mu = 2.3MeV, md = 4.8MeV and αs(mt) =
0.11 [28], numerically the EDM for neutron is
dn ' (0.5 ∼ 1.5)×
(
− (7.0Re(cu)Im(ct) + 4.9Im(cu)Re(ct))
−(29Re(cd)Im(ct) + 20Im(cd)Re(ct))
−(2.8cV + 0.25c±)Im(cd)− (0.66cV + 0.06c±)Im(cu)
+2.5× 1010θ + 2.3|ct|2 sin(2α′t)
)
× 10−26e · cm (105)
Take benchmark points as usual, and fix cV = c± = 0.5 and |ct| = 1, αt = 1.0 as usual. For
|cu| ' |cd| ∼ O(0.1), there is almost no constraints on αu ≡ arg(cu) and αd ≡ arg(cd). For
|cu| ' |cd| ∼ O(1), constraints on αd and αu are shown in Figure 11. Ignoring the θ term,
for |cu| = |cd| = 1, αd is constrained in two bands with a width of ∆αd ' (0.2 ∼ 1) from
the uncertainties in calculating dn. And the width are more sensitive to cd, for example, if
|cd| = 0.5, ∆αd ' (0.5 ∼ 2). The constraints by neutron EDM are less strict comparing
with those by electron EDM in this model. Contributions from heavy neutral Higgs bosons
and nonzero θ(. 10−10) would also change the location of the bands.
B. Meson Mixing and CP Violation
In SM the neutral mesons K0, D0, B0d and B
0
s mix with their corresponding anti-particles
through weak interactions. Usually BSM will give additional contributions to the mixing ma-
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FIG. 11: Plots on the allowed αd − αu, taking αt = 1.0.
-3 -2 -1 1 2 3 Αu
0.5
1.0
1.5
2.0
2.5
3.0
Αd
-3 -2 -1 1 2 3 Αu
-3.0
-2.5
-2.0
-1.5
-1.0
-0.5
Αd
trix elements 〈M¯0|H∆F=2|M0〉 thus they will modify the mass splitting and mixing induced
CP-violation observables. We can parameterize the new physics effects as [72]
M12,M ≡ 1
2mM
〈M¯0|H∆F=2|M0〉 = M12,M,SM(1 + ∆MeiδM ). (106)
For mass splitting, we list the world averaging results [28, 73, 74] and SM predictions [75–77]
for ∆m in Table VIII in section D. The useful decay constants and bag parameters are from
the lattice results [78]. Only for the D0 − D¯0 system it is difficult to predict ∆mD since
the long-distance effects are the dominant contributions. Nonzero δM from new physics will
modify the CP violated effects from those in the SM, thus it will be constrained by CP-
violated observable, as K in K
0 − K¯0 mixing and sin(2βd(s)) in B0d(s) − B¯0d(s) mixing et. al.
They are defined as
K =
1
3
(M(KL → 2pi0)
M(KS → 2pi0)
)
+
2
3
(M(KL → pi+pi−)
M(KS → pi+pi−)
)
(107)
where KL(S) is the long(short) lived neutral kaon and M is the amplitude for the process
and
β = arg
(
−VtbV
∗
td
VcbV ∗cd
)
, βs = arg
(
VtbV
∗
ts
VcbV ∗cs
)
(108)
where Vij are CKM matrix elements.
First assuming the charged Higgs is heavy and considering the contribution only from
the 126GeV Higgs Boson, we can write the flavor-changing effective interaction as
Lij = f¯i(ξ1ij + ξ2ijγ5)fjh+ h.c. (109)
32
The lightest neutral Higgs boson contribution to matrix elements for meson mixing is [79][80]
M12,M,SM∆Me
iδM =
f 2MBMmM
6m2h
(
ξ21ij − ξ22ij +
(ξ21ij − 11ξ22ij)m2M
(mi +mj)2
)
. (110)
The parameters fM , BM and mM are the decay constant, bag parameter and mass for meson
M0, and mi(j) are masses for the quark fi(j). For B
0
d(s) − B¯0d(s) mixing, according to fitting
results [81] (see the plots in [82] for details), for different δBd(Bs),
∆Bd . (0.1 ∼ 0.4) and ∆Bs . (0.1 ∼ 0.3). (111)
For δBd(Bs) = 0, the upper limit on ∆Bd(Bs) is about 0.2. Comparing with (106), (110) and
adopting the Cheng-Sher ansatz [43], the typical upper limit on ξbs(bd) have the order
|ξbs|v√
2mbms
. 2× 10−2 and |ξbd|v√
2mbmd
. 6× 10−2 (112)
both of O(10−2 ∼ 10−1). For D0 − D¯0 mixing, we have the upper limit
|ξcu|v√
2mcmu
. 0.1 (113)
For K0 − K¯0 mixing, when δK ≈ 0 or pi, we have ∆K . 0.25 which leads to
|ξsd|v√
2msmd
. 2× 10−2. (114)
While for a general δK , ∆K is strongly constrained to be less than O(10−3) because of the
smallness of K . New CP-violation effects must be very small in neutral K system while
they are allowed or even favored [81] for other meson.
Next, consider the contribution to B0d(s) − B¯0d(s) mixing from charged Higgs boson. Box
diagrams with one or two charged Higgs boson instead of W boson will contribute to
∆Bd(Bs) exp(iδBd(Bs)) as [83][84]
∆Bd(Bs)e
iδBd(Bs) =
F1(xtW , xtH , xHW ) + F2(xtH)
F0(xtW ) (115)
where
F0(xtW ) = 1 + 9
1− xtW −
6
(1− xtW )2 −
6x2tW lnxtW
(1− xtW )3 (116)
F1(xtW , xtH , xHW ) = η2d(s)
xtH
1− xHW
(
8− 2xtW
1− xtH +
(2xHW − 8) lnxtH
(1− xtH)2 +
6xHW lnxtW
(1− xtW )2
)
(117)
F2(xtH) = η4d(s)xtH
1− x2tH + 2xtH lnxtH
(1− xtH)3 (118)
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at leading order in which ηd(s) ≈ (ξ1tbξ1td(s)/2VtbV ∗ts(d))1/2v/mt and xij = (mi/mj)2. We can
parameterize the interactions (80) as
LI,tDiH+ = −
VtDi
v
t¯(XtmtPL +XDimDiPR)Di + h.c. (119)
in which PL(R) = (1 ∓ γ5)/2. Thus ηd(s) ≈ |Xt|v/(
√
2mt) and it is not sensitive to XDi if
they are of the same order as Xt. According to the constraints in section III E for light
charged Higgs mH± < mt, with a typical coupling |Xt| . 0.5, ∆Bd(Bs) . 0.2 holds for
mH± ≥ 100GeV and additional CP-violation effects induced by charged Higgs mediated
loop are negligible. Thus take a benchmark point mH± = 150GeV as usual, it is allowed by
B meson mixing data. While for heavy charged Higgs mH± > mt, the coupling Xt is not
constrained by t → bH+ decay process. We can give an upper limit |Xt| . (0.6 ∼ 1) when
200GeV < mH± < 600GeV.
In the D0− D¯0 mixing, another useful constraint comes from the neutral Higgs mediated
box diagram. Its contribution to ∆mD is [85]
∆m∗D =
G2Fv
4|ξtuξtc|2
12pi2m2t
f 2DmDBBrF2(xth) ≈ 4× 10−9|ξtuξtc|2 (120)
where r = (αs(mt)/αs(mb))
6/23(αs(mb)/αs(mc))
6/25 ≈ 0.8 and loop function F2 is the same
as that in (118). For ∆m∗D contributes less than the order of measured ∆mD, we have
|ξtuξtc| . 1.5 × 10−3 and hence we can put a stronger constraint than (83) on the flavor
changing interactions including top as
|ξtuξtc|v2
2mt
√
mumc
. 5 (121)
which is of O(1).
C. The B Leptonic Decays
The rare decay process Bs,d → µ+µ− has been measured by LHCb [86] and CMS [87]
Collaborations respectively with the results
Br(Bs → µ+µ−) =
 2.9+1.1−1.0 × 10−9, (LHCb, 4.0σsignificance),3.0+1.0−0.9 × 10−9, (CMS, 4.3σsignificance) ; (122)
and
Br(Bd → µ+µ−) =
 3.7+2.5−2.1 × 10−10, (LHCb),3.5+2.5−1.8 × 10−10, (CMS) . (123)
34
A combination result is Br(Bs → µ+µ−) = (2.9 ± 0.7) × 10−9 by CMS and LHCb
Collaborations[88]. There is no evidence for the process Bd → µ+µ−. The results cor-
respond to the SM prediction [89] (and updated results [90] in 2014)
Br(Bs → µ+µ−)SM = (3.65± 0.23)× 10−9, (124)
Br(Bd → µ+µ−)SM = (1.06± 0.09)× 10−10. (125)
Where the modified branching ratio Br means the averaged time-integrated branching ratio
and it has the relation with the branching ratio Br as [91][92]
Br(Bs → µ+µ−) = Br(Bs → µ+µ−)
(
1 +O
(
∆Γ
Γ
))
. (126)
See section D for details.
Consider the neutral Higgs mediated flavor changing process first. Using the constraints
in (112), we can estimate the contributions to Br(Bs(d) → µ+µ−) as
δBr(Bs → µ+µ−) = mBs|cµ|
2
8piΓBs,tot
(
fBsm
2
Bs
mµ|ξbs|
(mb +ms)vm2h
)2
. 4× 10−12|cµ|2; (127)
δBr(Bd → µ+µ−) = mBd |cµ|
2
8piΓBd,tot
(
fBdm
2
Bd
mµ|ξbd|
(mb +md)vm2h
)2
. 1× 10−12|cµ|2. (128)
We cannot get stronger constraints through these processes on |cµ| than direct search[93]
which gives |cµ| . 7.
Next consider the charged Higgs contribution. For |Xt| ∼ |Xb,s,µ| ∼ O(1), the charged
Higgs loop is sensitive to Xt and mH± only [94]. According to [94], it is estimated that
δBr(Bs → µ+µ−)
Br(Bs → µ+µ−) ≈
(
1− |X
2
t |
η
Y2HDM
YSM
)2
(129)
where η = 0.987 is the electro-weak and QCD correction factor and
YSM =
xtW
8
(
xtW − 4
xtW − 1 +
3xtW
(xtW − 1)2 lnxtW
)
; (130)
Y2HDM =
x2tW
8
(
1
xHW − xtW +
xHW
(xHW − xtW )2 ln
(
xtW
xHW
))
. (131)
If the charged Higgs is light (mH±) < mt, |Xt| = 0.5 is allowed at 95%C.L. While for a
heavy charged Higgs, when 200GeV < mH± < 600GeV, we have the 95%C.L. upper limit
on |Xt| as |Xt| . (0.6 ∼ 1.1) with the combined experimental results or |Xt| . (0.8 ∼ 1.4)
with single experimental result.
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FIG. 12: Plots on allowed αbt − |Xb|. For the left figure, |Xt| = 0.5 and mH± = 150GeV; for the
right figure, |Xt| = 0.8 and mH± = 500GeV.
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D. The B Radiative Decays
The inclusive radiative decays branching ratio of B¯ meson B¯ → Xsγ (or we say b → sγ
at parton level) has the averaged value [73]
Br(B¯ → Xsγ) = (3.43± 0.22)× 10−4 (132)
with the photon energy Eγ > 1.6GeV. The SM prediction for that value is (3.15±0.23)×10−4
to O(α2s) [56][95]. In a 2HDM, the dominant contribution to modify this decay rate is from
a loop containing a charged Higgs instead of the W boson in SM. The neutral Higgs loop
contribution is negligible because of the suppression in ξbs and mb(s)/v.
The charged Higgs loop is sensitive to both Xt and Xb that we should take some bench-
mark points. Define αbt ≡ arg(Xb/Xt), for a light charged Higgs boson, take |Xt| = 0.5
and mH± = 150GeV as before; while for a heavy charged Higgs boson, take |Xt| = 0.8
and mH± = 500GeV. We show the allowed region for αbt − |Xb| in Figure 12 utilizing the
calculations in [56][96]. From the figures, we can see that for most αbt the coupling |Xb| is
constrained to be . O(1); while for some angles it can be larger9.
9 That’s because with merely the decay rate, we can only determine the absolute value for the b → sγ
amplitude. The largest allowed Xb can reach 14 for the left figure and 28 for the right figure, in which
case the new physics contributes twice as large as the SM but with the opposite sign.
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V. FEATURES OF LEE MODEL AND ITS FUTURE PERSPECTIVES
One of the main goals of this paper is the though phenomenological studies on the Lee
model with spontaneous CP-violation [26]. We can see from last two sections that Lee model
is still viable confronting the high and low energy experiments. The next natural question
is how to confirm/exclude this model at future facilities.
In the scalar sector there are nine free parameters µ21, µ
2
2, and λ1,2,...,7, corresponding to
nine observables:
• Four masses mh,m2,m3 and mH± ;
• VEVs and a physical phase v1, v2, ξ (or equivalently v, tan β, ξ);
• Two neutral scalar mixing angles, equivalently we choose the ratios c1 and c2 of the
couplings to gauge boson compared to the corresponding ones in the SM.
We treat the discovered scalar with mass 126GeV as the lightest neutral Higgs boson. If
Lee model is true, the extra neutral and charged Higgs bosons should be discovered at high
energy colliders. As the general rules, the lighter the extra Higgs bosons, the easier they can
be produced. In order to confirm the Lee model, another possible signal can be the FCNC
decay of the neural Higgs bosons which are unobservable small in the SM. Furthermore the
CP properties of the Higgs boson are essential measurements, though it is a very challenging
task.
As we have pointed out that there is no SM limit in this scenario, thus it is always
testable at the future colliders, such as LHC with
√
s = 14TeV, CEPC, ILC, or TLEP with
√
s = (240 ∼ 250)TeV, even before the discovery of other neutral Higgs bosons and charged
Higgs boson. The coupling between the lightest Higgs boson and other particle(especially
for massive gauge bosons W± and Z0) are usually suppressed by the factor of O(tβsξ). In
the bb¯ decay channel or any VBF, V+H production channel, a significant suppression can
be the first sign of this scenario. On the contrary if the signals become even more SM-like,
this scenario will be disfavored.
For future LHC with
√
s = 14TeV, the signal strengths will be measured with an uncer-
tainty of about 10% at the luminosity 300fb−1 [97][98]. Perform the same χ2 fit as in (70),
and add the bb¯ decay mode in. The value of χ2 is sensitive to cV and cb, and the magnitude
of cV is a criterion for this model. A Higgs boson with cV & (0.6 ∼ 0.7) is hardly to be
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pseudoscalar dominant thus if cV . (0.6 ∼ 0.7) is excluded, we can say this scenario is
excluded. So we can test this scenario by fitting the signal strengths. We list the estimating
results in Table VII.
TABLE VII: Abilities to test the scenario at
√
s = 14TeV LHC. Lower limit for the allowed cV at
2σ and 3σ level are listed in the tables. For the left/right tables we assume all signal strengths are
consist with SM at 1σ/2σ level respectively.
Excluded level 2σ 3σ
300fb−1 0.62 0.55
3000fb−1 0.77 0.72
Excluded level 2σ 3σ
300fb−1 0.53 0.45
3000fb−1 0.7 0.65
If all signal strengths and the overall χ2 are consist with SM at 1σ level, For the integrated
luminosity 300fb−1, all cV . 0.62 can be excluded at 95%C.L.(2σ) while all cV . 0.55 can
be excluded at 99.7%C.L.(3σ); For the integrated luminosity 3000fb−1, all cV . 0.77 can
be excluded at 95%C.L.(2σ) while all cV . 0.72 can be excluded at 99.7%C.L.(3σ). If all
signal strengths and the overall χ2 are consistent with SM at 2σ level, For the integrated
luminosity 300fb−1, all cV . 0.53 can be excluded at 95%C.L.(2σ) while all cV . 0.45 can
be excluded at 99.7%C.L.(3σ); For the integrated luminosity 3000fb−1, all cV . 0.7 can be
excluded at 95%C.L.(2σ) while all cV . 0.65 can be excluded at 99.7%C.L.(3σ). All the
results are for the largest parameter space in this scenario because the true ability to test
this scenario by χ2 depends strongly on the real signal strengths from future experiments.
Another useful observable is fa3 defined in (2). For
√
s = 14TeV, the 95%C.L. upper
limit on fa3 will reach about 0.14(0.04) for the luminosity 300(3000)fb
−1[97] [98]10 which
leads to the constrains |a3/a1| < 1.0(0.5) ∼ O(1) separately. For |ct| ∼ O(1), it is still too
large to give direct constrains on αt ≡ arg(ct).
At a Higgs factory with the e+e− initial state at
√
s = (240 ∼ 250)GeV, the dominant
production process for a Higgs boson is associated with a Z0 boson. Another important
production process is through VBF. In this scenario it is suppressed by a factor c21 thus we
can exclude this scenario if the total cross section favors SM. For the total cross section,
a measurement with O(10%) uncertainty is accurate enough to distinguish the scenario we
10 Almost the same for CMS and ATLAS detector, with 300(3000)fb−1 luminosity, the upper limit can reach
0.15(0.037) for ATLAS and 0.13(0.04) for CMS, see details in the references.
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discussed in this paper and SM at 3σ or even 5σ significance. Such accuracy can be achieved
at CEPC/ILC/TLEP. At
√
s = 240GeV TLEP, the total cross section can be measured with
an uncertainty 0.4% for the integrated luminosity 500fb−1 [99][100], while that value is about
3% for the integrated luminosity 250fb−1 ILC at
√
s = 500GeV [101].
VI. CONCLUSIONS AND DISCUSSIONS
In this paper we proposed a scenario in which the smallness of CP-violation and the
lightness of Higgs boson are correlated through small tβsξ, based on the Lee model, namely
the 2HDM with spontaneous CP-violation. The basic assumption is that CP, which spon-
taneously broken by the complex vacuum, is an approximate symmetry. We found that mh
as well as the quantities K and J are ∝ tβsξ in the limit tβsξ → 0. Here K and J are
the measures for CP-violation effects in scalar and Yukawa sectors respectively. It is a new
way to understand why the Higgs boson discovered at LHC is light. In this scenario, all the
three neutral physical degrees of freedom mix with each other thus none of them is a CP
eigenstate.
We then investigated the phenomenological constraints from both high energy and low
energy experiments and found the scenario still alive. The lightest Higgs boson usually
couples with SM gauge and fermion particles with a smaller strength than in the SM, thus
the total width must be narrower than that in SM. Such choice of the parameters makes Lee
model still allowed by the CMS or ATLAS data. The LHC search for heavy neutral bosons
implies the masses of other two neutral bosons should be away from the region 300−700GeV.
The S-T ellipse also strictly constrains the mass relation between the charged and neutral
bosons as can be seen in Figure 1-Figure 3. We also fitted the CMS and ATLAS data
respectively, for example, see Figure 4-Figure 8. We found that this scenario is still allowed
for either data. It does not sensitive to the charged Higgs contribution. After considering
all the data, a light charged Higgs with the mass about 100GeV is still allowed. Small hb¯b
vertex is favored for both CMS and ATLAS data. The minimal χ2 is close to the χ2 in SM,
thus we cannot conclude that SM is better than Lee model.
We forbid the explicit CP-violation in the whole lagrangian including the Yukawa sector,
thus we must tolerate the tree-level FCNC. The flavor-changed couplings including top quark
are constrained by same sign top production process and the top quark rare decay, besides
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the constraints by B physics processes. The tree-level FCNC vertices including five light
quarks are strongly constrained to be less than O(10−2 ∼ 10−1)√2mimj/v while for the
vertices including top quark it should be less than O(1)√2mtmq/v. The coupling Xt for
tbH+ vertex are constrained to be less than O(0.1 ∼ 1) for different mH± , while Xb ∼ O(1)
are usually allowed by b→ sγ data.
The constraints by EDMs are usually very important in discussing a model with CP-
violation, because new sources of CP-violation may modify the theoretical prediction of
EDMs from the SM by several orders of magnitude, and maybe testable by the experiments
now. The EDM for electron gave very strict constraints on the he¯e vertex as shown in
Figure 9-Figure 10. While the EDM for neutron gave weaker constraints on hd¯d and hu¯u
vertices, see Figure 11.
There is no SM limit for the lightest Higgs boson in this scenario, thus it is testable at
future colliders. At
√
s = 14TeV, besides discovering the extra neutral and charged Higgs
bosons, the ability to test this scenario depends on how far the signal strengths for the 126
GeV Higgs boson differ from the SM predictions, as listed in Table VII. From the discovery
point of view, if any suppression in the VBF, VH production channel or bb¯ decay channel
are confirmed, this scenario would be favored. On the contrary, if all signal are SM-like
more and more at future colliders, this scenario would be disfavored by data. For most
cases 300fb−1 luminosity is not enough to exclude this scenario, while 3000fb−1 luminosity
is better. At
√
s = (240 ∼ 250)GeV e+e− colliders, several fb−1 luminosity is enough to
distinguish this scenario and SM at (3 ∼ 5)σ level by accurately measuring the total cross
section. We emphasize that measuring the CP properties and the flavor-changing decay of
the Higgs bosons are essential to pin down Lee model.
We did not build the model for flavor sector in details thus we did not solve the natural
FCNC and strong CP problems. It is possible to solve the FCNC and strong CP problems
together, for example, see the model proposed by Liao [102]. We also did not discuss the
constraints from flavor changing processes in lepton sector. As a model with CP-violation,
there may also some new CP-violation effects, especially in top, τ and neutral D sector
where no CP-violation has been discovered. We did not study the cosmological effects in
this paper, like the domain wall and electro-weak baryogenesis in this model. All these
consequences will be further scrutinized in the future.
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Appendix A: Vacuum Stability Conditions
For the potential (10), when |φi| ≡
√
φ†iφi → ∞, V ≥ 0 must hold to keep the vacuum
stable. Write |φ1| = r1, |φ2| = r2 and φ†1φ2 = r exp(iα), we have
|φ†1φ2| = r ≤ |φ1| · |φ2| = r1r2. (A.1)
The Rij and Iij can be expressed as
R11 = r
2
1, R22 = r
2
2, R12 = r cosα, I12 = r sinα. (A.2)
Thus we have the equation
V = λ1r
4
1 + λ3r
2
1r
2
2 + λ6r
4
2
+rcα(λ2r
2
1 + λ5r
2
2) + r
2(λ4c
2
α + λ7s
2
α) (A.3)
holds for any α and 0 ≤ r ≤ r1r2.
Another type of conditions is that the potential should be minimized when
〈φ1〉 = 1√
2
 0
v1
 , 〈φ2〉 = 1√
2
 0
v2e
iξ
 . (A.4)
It equivalents to the conditions that the mass matrix for neutral Higgs, m˜ in (19), must be
positive definite. We write the conditions as
trm˜ > 0, (trm˜)2 − tr(m˜)2 > 0, det m˜ > 0. (A.5)
If there exist more than one local minimal points for the potential, the physical vacuum
should be chosen at the global minimum if we want to forbid a meta-stable vacuum.
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Appendix B: Scalar Spectra and Small tβsξ Expansion
In the unitary gauge the mass square matrix for charged scalars reads
M2± = −
λ7
2
 v22 −v1v2e−iξ
−v1v2eiξ v21
 (B.1)
The eigenvalues are
m2G± = 0; m
2
H± = −
λ7v
2
2
; (B.2)
where the zero eigenvalue corresponds to the charged goldstones which will be eaten by the
longitudinal part of W bosons. Diagonalize (B.1) by performing a rotation G+
H+
 =
 cos β e−iξ sin β
−eiξ sin β cos β
 φ+1
φ+2
 (B.3)
For the neutral parts, in the basis (I1, I2, R1, R2)
T , for any angle α to appear below, we have
the mass square matrix M20 = (v
2/2)mij, where
m11 = (λ4 − λ7)s2βs2ξ ;
m12 = λ5s
2
βs
2
ξ ;
m13 = (λ2cβ + (λ4 − λ7)sβcξ)sβsξ;
m14 = ((λ4 − λ7)cβ + λ5sβcξ)sβsξ;
m22 = 4λ6s
2
βs
2
ξ ;
m23 = 2((λ3 + λ7)cβ + λ5sβcξ)sβsξ;
m24 = (λ5cβ + 4λ6sβcξ)sβsξ;
m33 = 4λ1c
2
β + 2λ2cβsβcξ + (λ4 − λ7)c2ξs2β;
m34 = λ2c
2
β + (2λ3 + λ4 + λ7)sβcβcξ + λ5s
2
βc
2
ξ ;
m44 = (λ4 − λ7)c2β + 2λ5cβsβcξ + 4λ6s2βc2ξ .
Perform the same rotation as (B.3) between φ1 and φ2, which in the basis above can be
written as
R = R1R2 =

cβ sβ 0 0
−sβ cβ 0 0
0 0 1 0
0 0 0 1


1 0 0 0
0 cξ 0 −sξ
0 0 1 0
0 sξ 0 cξ
 (B.4)
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we have
M˜20 = RM
2
0R
−1 =
v2
2
 0
(m˜)3×3
 (B.5)
where the zero eigenvalue corresponds to the neutral Goldstone,
G0 = cβI1 + sβcξI2 − sβsξR2, (B.6)
which will be eaten by the longitudinal part of Z boson. The matrix elements for m˜ in the
basis (−sβI1 + cβcξI2 − cβsξR2, R1, sξI2 + cξR2)T should be
m˜11 = (λ4 − λ7)s2ξ ;
m˜12 = −(λ2cβ + (λ4 − λ7)sβcξ)sξ;
m˜13 = −(λ5sβ + (λ4 − λ7)cβcξ)sξ;
m˜22 = 4λ1c
2
β + 2λ2cβsβcξ + (λ4 − λ7)s2βc2ξ ;
m˜23 = λ2c
2
βcξ + (2(λ3 + λ7) + (λ4 − λ7)c2ξ)sβcβ + λ5s2βcξ;
m˜33 = (λ4 − λ7)c2βc2ξ + 2λ5sβcβcξ + 4λ6s2β. (B.7)
We can expand m˜ in powers of tβsξ as follows,
m˜ = m˜0 + (tβsξ)m˜1 + (tβsξ)
2m˜2 + · · · (B.8)
In the basis (−sβI1 + cβcξI2 − cβsξR2, R1, sξI2 + cξR2)T the matrix m˜0 can be written as
m˜0 =

(λ4 − λ7)s2ξ −λ2sξ −(λ4 − λ7)sξcξ
−λ2sξ 4λ1 λ2cξ
−(λ4 − λ7)sξcξ λ2cξ (λ4 − λ7)c2ξ
 (B.9)
Diagonalize it with a 3× 3 matrix
r = r1r2 =

1 0 0
0 cθ sθ
0 −sθ cθ


cξ 0 sξ
0 1 0
−sξ 0 cξ
 (B.10)
we have
rm˜0r
−1 =

0
(m˜0)22
(m˜0)33
 , (B.11)
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in which
(m˜0)22(33) =
4λ1 + λ4 − λ7
2
±
(
4λ1 − (λ4 − λ7)
2
c2θ + λ2s2θ
)
; (B.12)
θ =
1
2
arctan
(
2λ2
4λ1 − (λ4 − λ7)
)
. (B.13)
The two heavy scalars have their masses
m22(3) =
v2
2
((m˜0)22(33) +O(tβsξ)). (B.14)
The new basis is then
r

cξI2 − sξR2
R1
sξI2 + cξR2
 =

I2
cθR1 + sθR2
−sθR1 + cθR2
 (B.15)
in which the useful matrix elements for m˜ are
(m˜1)11 = 0; (B.16)
(m˜1)12 = (2(λ3 + λ7)cθ + λ5sθ); (B.17)
(m˜1)13 = (λ5cθ − 2(λ3 + λ7)sθ); (B.18)
(m˜2)11 = 4λ6. (B.19)
Thus to the leading order of tβsξ, for the lightest scalar h we have
m2h =
v2t2βs
2
ξ
2
(
(m˜2)11 − (m˜1)
2
12
(m˜0)22
− (m˜1)
2
13
(m˜0)33
)
=
v2t2βs
2
ξ
2
[
4λ6 + 2λ5(λ3 + λ7)s2θ
(
1
(m˜0)22
− 1
(m˜0)33
)
−4(λ3 + λ7)2
(
c2θ
(m˜0)22
+
s2θ
(m˜0)33
)
− λ25
(
s2θ
(m˜0)22
+
c2θ
(m˜0)33
)]
; (B.20)
h = I2 − tβsξ
(
(m˜1)12
(m˜0)22
(cθR1 + sθR2) +
(m˜1)13
(m˜0)33
(cθR2 − sθR1) + I1
tξ
)
= I2 − tβsξ
[(
2(λ3 + λ7)
(
c2θ
(m˜0)22
+
s2θ
(m˜0)33
)
+
λ5s2θ
2
(
1
(m˜0)22
− 1
(m˜0)33
))
R1
+
(
(λ3 + λ7)s2θ
(
1
(m˜0)22
− 1
(m˜0)33
)
+ λ5
(
s2θ
(m˜0)22
+
c2θ
(m˜0)33
))
R2 +
I1
tξ
]
. (B.21)
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Appendix C: Some Useful Feynman-Rules in this Model
From the lagrangian we have some useful coupling vertexes directly,
LhV V =
(
2m2W
v
W+µ W
µ− +
m2Z
v
ZµZ
µ
)
(cβR1 + sβcξR2 + sβsξI2); (C.1)
LhH+H− = −vH+H−
[
λ2 + λ5
2
sβsξI1
+
(
λ3c
2
β +
(
−λ2 + λ5
2
)
c2βsβcξ
+(2λ1 − λ4c2ξ − λ7s2ξ)cβs2β +
λ2
2
s3βcξ
)
R1
+((2λ6 − λ7)c2β − λ5cβsβcξ + λ3s2β)I2
+
(
λ5
2
c3β − (λ4 − 2λ6)c2βsβcξ
+
(
λ2
2
− λ5c2ξ
)
cβs
2
β + λ3s
3
βcξ
)
R2
]
; (C.2)
LhDD = − 1√
2
D¯Li(Y
′
1d(R1 + iI1) + Y
′
2d(R2 + iI2))ijDRj + h.c.; (C.3)
LhUU = − 1√
2
U¯Li(Y
′
1u(R1 − iI1) + Y ′2u(R2 − iI2))ijURj + h.c.; (C.4)
LCh = − 1√
2
U¯Li(VCKM)ij(−Y ′1dsβe−iξ + Y ′2dcβ)jkDRkH+
− 1√
2
D¯Li(V
†
CKM)ij(Y
′
1usβe
iξ − Y ′2ucβ)jiURkH− + h.c. (C.5)
The Y ′ in Yukawa couplings means the couplings in the mass eigenstates. For neutral Higgs
triple vertex, the Feynman rules are all from
−iλijk = − i∂
3V
∂hi∂hj∂hk
(C.6)
Appendix D: Formalism for Neutral Meson
The for meson K0, D0, B0d and B
0
s can mix with their charged conjugate particles, through
weak interaction in SM. We begin with the Schro¨dinger equation
i
∂
∂t
 |M0〉
|M¯0〉
 = (m− i
2
Γ
) |M0〉
|M¯0〉
 (D.1)
where m and Γ are 2× 2 matrix. Write the hamiltonian as
H = H0 +H∆F=1 +H∆F=2, (D.2)
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we have the matrix elements(
m− i
2
Γ
)
ij
= mMδij +
1
2mM
〈ψi|H∆F=2|ψj〉
+
1
2mM
∫
dΠf
〈ψi|H∆F=1|f〉〈f |H∆F=1|ψj〉
mM − E(f) + i (D.3)
with the normalized condition 〈ψi|ψj〉 = 2mMδij where ψi,j = |M0〉 or M¯0. The second
and third terms come from from short-distance and long-distance effects separately and
according to (D.3)
Γij =
1
2mM
∫
dΠf〈ψi|H∆F=1|f〉〈f |H∆F=1|ψj〉2piδ(E(f)−mM) (D.4)
The solutions for the eigenvalues are
mH(L) = mM ± Re
(√(
m12 − i
2
Γ12
)(
m∗12 −
i
2
Γ∗12
))
; (D.5)
ΓH(L) = Γ∓ Im
(√(
m12 − i
2
Γ12
)(
m∗12 −
i
2
Γ∗12
))
. (D.6)
The H(L) means the heavy(light) mass eigenstate
|MH(L)〉 = p|M0〉 ∓ q|M¯0〉 (D.7)
where
|p|2 + |q|2 = 1; and
(
p
q
)2
=
m12 − iΓ12/2
m∗12 − iΓ∗12/2
. (D.8)
The time-dependent solution |M0(t)〉
|M¯0(t)〉
 =
 g+(t) −(q/p)g(t)
g+(t) −(p/q)g(t)
 |M0(0)〉
|M¯0(0)〉
 (D.9)
where
g±(t) =
1
2
(
e−imH t−
ΓH
2
t ± e−imLt−ΓL2 t
)
. (D.10)
For Γ12 ∼m12 and m12 is almost real likeK0 system, ∆m ≈ 2Rem12; while for Γ12 m12
like B0d(s) system, ∆m ≈ 2|m12|. All the measurements and SM predictions are listed here.
It is difficult to estimate the long-distance effects which give the dominant contribution in
D0 system.
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TABLE VIII: SM predictions and Experimental values for mass difference in meson mixing.
Meson ∆mexp(GeV) ∆mSM(GeV)
K0(ds¯) (3.474± 0.006)× 10−15 (3.30± 0.34)× 10−15
D0(cu¯) (1.0± 0.3)× 10−14 −
B0d(db¯) (3.33± 0.03)× 10−13 (3.3± 0.4)× 10−13
B0s (sb¯) (1.1663± 0.0015)× 10−11 (1.14± 0.17)× 10−11
For decay processes to CP eigenstate f , for example, B0 → µ+µ−, the direct observable
is time integrated averaged branching ratio which has an relation
Br(M → f) ≡ 1
2
∞∫
0
(Γ(M(t)→ f) + Γ(M¯(t)→ f)) (D.11)
which leads to
Br(M → f) = 1 + A∆Γ/Γ
1− (∆Γ/Γ)2Br(M → f) (D.12)
where −1 ≤ A ≤ 1 and in SM A = 1.
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